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ABSTRACT: Phosphorylation of parasite proteins plays a key role in the process of cell invasion by Trypanosoma cruzi, the etiologic
agent of Chagas’ disease. In this sense, characterization of parasite kinases and phosphatases could open new possibilities for the
rational design of chemotherapeutic agents for the treatment of Chagas’ disease. In this work, we analyzed phosphatase activities in T.
cruzi homogenates from 2 strains belonging to different lineages and with different resistance to oxidative stress. Tulahuen 2 cells
(Lineage I) showed higher phosphatase activities and specificity constants when compared to the Y strain (Lineage II). Tulahuen 2 had
an optimum phosphatase activity at pH 4.0 and the Y strain at pH 7.0. In both cases, neutral–basic, but not acid, phosphatase
activities were increased in the presence of Mg2+. Although calcium had an inhibitory effect at a pH of 7.0 and 8.0 in the Y strain, this
inhibition was restricted to pH 8.0 in the other strain. Different substrates and acid phosphotyrosine and alkaline phosphatase
inhibitors exhibited distinct effects on the phosphatase activity of both strains. Our results provide a better understanding of T. cruzi
phosphatases and reinforce the notion of heterogeneity among T. cruzi populations.
Trypanosoma cruzi is the etiologic agent of Chagas’ disease,
which affects 17 million people in Latin America (Dutra et al.,
2005). The treatment is ineffective during the chronic stage of the
disease, and toxic side effects have been reported (Letelier et al.,
1986). Unfortunately, no advances have been achieved toward a
more efficient treatment; the current treatment has remained the
same since its discovery 3 decades ago (Croft et al., 2005).
Trypanosoma cruzi is not a single species, but corresponds to 2
main, highly divergent, genetic subgroups (Lineage I and II), both
pathogenic for humans (De Souza, 2002; Junqueira et al., 2005).
In addition, there is a remarkably high degree of both structural
and functional intraspecific heterogeneity among T. cruzi strains,
which could modulate parasite pathogenicity and adaptability as
well as host survival (Mielniczki-Pereira et al., 2007).
As a heteroxenous parasite, T. cruzi must respond to
extracellular and intracellular signals as it adapts to new
environments within different hosts. Extracellular effectors act
by modulating protein kinases and phosphatases (Parsons and
Ruben, 2000), several of which have been described in T. cruzi
(González et al., 2003; El-Sayed et al., 2005), i.e., 86 different
protein phosphatases have been identified in T. cruzi (Brenchley et
al., 2007). Analysis of T. cruzi phosphatome indicated that these
phosphatases display different characteristics than do the human
counterparts, raising as a possibility their selection as targets for
drug development (De Souza, 2002; González et al., 2003; El-
Sayed et al., 2005; Brenchley et al., 2007). Interestingly,
comparison among the distribution of phosphatase subfamilies
in T. cruzi, Leishmanina major, and Trypanosoma brucei revealed
only slight differences among them (Brenchley et al., 2007).
In the last few years, ectophosphatase activities have been
extensively characterized in T. cruzi, but the total phosphatase
activity has received far less attention. In the present study,
phosphatase activity assays were undertaken in T. cruzi homog-
enates from different strains, exploring such variables as substrate
and enzyme concentration, incubation time, and pH, as well as
modulation by different inhibitors. In addition to the character-
ization of parasite phosphatases, our findings highlighted some
interesting differences in the kinetic properties of phosphatases




p-NPP, Hepes, Bis-Tris, and Tris-HCl were obtained from Sigma
Chemical (St. Louis, Missouri). All others reagents were of analytical
grade.
Cell growth conditions and homogenate preparation
Trypanosoma cruzi epimastigotes (Tulahuen 2 and Y strains) were
grown in LIT medium containing 20 mg/L21 hemin and 10% fetal bovine
serum, as described (Castellani et al., 1967). Cell extracts were prepared as
in Ciccarelli et al. (2007). Briefly, after 3 (log phase), 5 (early stationary
phase), or 7 (late stationary phase) days, cells were harvested by
centrifugation (1,000 g at 4 C), washed once with saline solution, and
resuspended in Hepes buffer (10 mM), pH 7.0, or acetate buffer (10 mM),
pH 5.0. Cell disruption was performed using a Bandelin Sonoplus
sonicator (Bandelin, Berlin, Germany) during 2 cycles of 10 sec. Protein
concentration was determined by the Biuret method (Gornall et al., 1949)
using bovine serum albumin as the standard.
Enzyme activity assays
The homogenates were incubated for 15 min at 37 C in 1 ml of a
reaction mixture containing buffer and 10 mM of p-nitrophenylphosphate
(p-NPP). The buffers were used at the final concentration of 0.1 M with
sodium citrate at pH 3.0, sodium acetate for assays at pH 4.0 and 5.0, Bis-
Tris for pH 6.0, Hepes for assays at pH 7.0, and Tris-HCl for pH 8.0
(Letelier et al., 1986). The reaction was initiated by addition of the
homogenate and stopped with 1 ml of 1 M NaOH. Homogenate was
added after interruption of the reaction and used as a control.
Phosphatase activity was measured by the rate of p-nitrophenol (p-NP)
formation at 405 nm (molar extinction coefficient of 18,000 M21 cm21)
(Prazeres et al., 2004).
Determination of inorganic phosphate
For the other substrates, i.e., flavin mononucleotide (FMN), glucose-6
phosphate (G6P), phospho-serine (Ser-P), phospho-threonine (Thr-P),
and phospho-tyrosine (Tyr-P), enzyme activities were determined by
measuring the amount of inorganic phosphate released, as described in
Prazeres et al. (2004). The assay conditions were the same as described for
pNPP, except that the incubation time was 30 min; the final concentration
of substrates was 5 mM, and the reactions were terminated by the addition
of 0.1 ml of 3% (w/v) ammonium molybdate (in 200 mM acetate buffer,
pH 4.0) followed by 0.01 ml of 120 mM ascorbic acid (in 200 mM acetate
buffer, pH 4.0). The absorbance of the resulting color was read at 650 nm.
The amount of inorganic phosphate released was calculated using a molar
extinction coefficient of 4,000 M21 cm21.
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Statistical analysis
The values shown represent the mean ± standard errors of at least 8
independent experiments, which were performed in duplicate. Data were
statistically analyzed by means of the Student’s t-test. P-values of 0.05 or
less were considered significant. Apparent Km- and Vmax-values were
calculated using a computerized non-linear regression fit of the data to the
Michaelis-Menten equation using the Microcal (TM) OriginH, version 6.0
(OriginLab Corporation, Northampton, Massachusetts).
RESULTS
Dephosphorylation of p-NPP was protein concentration-
dependent (Fig. 1) for both strains, although Y lysates produced
a lower activity. In Tulahuen 2 homogenates, phosphatase
activity was linear up to 25 min time of reaction (Fig. 2A). The
same profile was observed for Y cells until 15 min of incubation
(after which no significant difference in phosphatase activity was
observed [Fig. 2B]).
The phosphatase activities at different pHs throughout the
growth curve of epimastigotes, i.e., after 3 (early logarithmic
phase), 5 (early stationary phase), and 7 days (late stationary
phase) of growth (Mielniczki-Pereira et al., 2007), was investigat-
ed. Increasing the pH led to a decrease in phosphatase activity in
Tulahuen 2 homogenates (Fig. 3A), while for the Y strain the
reverse was true (Fig. 3B). For Tulahuen 2 cells in the early
growth phase in the presence of Mg2+ (10 mM), a significant
increase in phosphatase activity was observed at pH 8.0 (40%)
(Fig. 3A). In addition, in the Tulahuen 2 strain, enzyme activity
was more pronounced at pH 4.0, while in the other strain this was
observed at pH 7.0 (Figs. 3A, B). When enzyme activity for
Tulahuen 2 cells was determined without the addition of Mg2+,
maximum values were still observed at pH 4.0, but increasing the
pH led to a drastic decrease in activity. This was also true for the
Y strain, although no huge differences could be detected among
the different growth phases (Figs. 3C, D).
FIGURE 1. Effect of total protein concentration on the rate of p-NPP hydrolysis. Different concentrations of T. cruzi lysates (early stationary phase),
Tulahuen 2 (N) and Y (m) strains, were incubated in acetate buffer, pH 5.0, at 37 C, for 15 min and the phosphatase activity was determined.
FIGURE 2. Temporal course of the phosphatase activities in T. cruzi homogenates, Tulahuen 2 (A) and Y (B) strains. The reactions were performed at
37 C in a reaction medium containing 0.1 M acetate buffer, pH 5.0, 10 mM p-NPP, and homogenized cells (early stationary phase) (0.1 mg/ml and
0.6 mg/ml for Tulahuen 2 and Y strains, respectively) for the times indicated; P , 0.05.
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Figure 4 shows the kinetic parameters of phosphatase from both
strains. The value for apparent Km in the Y strain (1.04 ± 0.04 mM)
was 1.8 higher than the Km for Tulahuen 2 cells (0.59 ± 0.2 mM),
reflecting a lower specificity for p-NPP. Vmax and specificity
constant values in Tulahuen 2 cells were higher than the other
strain (Vmax [mmol/min] 0.013 and 0.087; specificity cte [Vmax / Km]
0.012 and 0.147, for Y and Tulahuen 2 strain, respectively).
Due to the regulation of some phosphatases by calcium, we
investigated the Ca2+ effect on phosphatase activities on the
homogenates at all the pHs tested. There was a significant effect
on Tulahuen 2 activities at pH 8.0, with a decrease of
approximately 50% (Fig. 5A). The same effect was observed for
the other strain at pH 7.0 and 8.0, where significant effects were
observed (Fig. 5B).
In light of these findings, the inhibitor profile of T. cruzi
phosphatases was investigated. The phosphatase activity was
assayed in the presence of inhibitors for the main classes of
phosphatases at pH 4.0 (Table I) and 7.0, with or without the
addition of Mg2+ (Table II), where higher enzyme activities were
observed (Fig. 3). At pH 4.0, the chelating agent EDTA had no
effect on either strain, indicating that at this pH, no metal-
dependent phosphatase is active in these parasites. Acid
phosphatase classic modulators, NaF and tartrate (Bakalara,
Seyfang, Baltz, and Davis, 1995), had approximately the same
effect on both strains, although tartrate was less effective.
Monobasic potassium phosphate, a general phosphatase inhibi-
tor, and pHMB, an inhibitor of 2SH group-dependent enzymes,
lowered phosphatase activity in Tulahuen 2 cells, but not in the Y
strain. Zn2+, whose mechanism appears to be through the
reversible oxidation of the catalytic Cys or by coordinating some
residues in a Zn2+ binding site (Ferraro et al., 2004), had no
expressed effect on either strain. Vanadate and pervanadate have
been widely studied for their insulin-mimetic effects and are
generally used as PTP inhibitors. Pervanadate (the complex of
vanadate with hydrogen peroxide) is an irreversible inhibitor of
PTPs, unlike vanadate, which produces reversible inhibition
(Huyer et al., 1997). Sodium orthovanadate impaired the catalytic
activity of Tulahuen 2 by 93% and 62% in the Y strain.
Pervanadate was 88% and 70% effective in its inhibition of
phosphatase activities in Tulahuen 2 and Y homogenates,
respectively. When the concentration of this inhibitor was
increased 10-fold, the same level of inhibition was observed,
indicating that the 2SH groups are important for the activity of
this class of phosphatases.
FIGURE 3. Analysis of phosphatase activity in different phases of growth. In different phases of proliferation, phosphatase activity was measured at
different pHs for 15 min, i.e., Tulahuen 2 (A–B) and Y (C–D) homogenates in the presence (black symbols) of 10 mM Mg2+ (A–C) or in its absence
(empty symbols) (B–D); P , 0.05. (A) Third and 5th days, pH 5.0; 3rd and 7th days, pH 8.0. (B) Third and 5th days, pH 4.0–8.0; 5th and 7th days,
pH 3.0; and 3rd and 7th days, pH 3, 5.0–8.0. (C) Third and 5th days, pH 4.0; 5th and 7th days, pH 3.0; 3rd and 7th days, pHs 5.0–8.0. (D) Third and 5th
days, pH 6.0; 5th and 7th days, pH 3.0 and 7.0; 3rd and 7th days, pHs 4.0–6.0.
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When phosphatase activities were determined at pH 7.0, a
different pattern of inhibition was observed (Table II). In the
absence of Mg2+ in the Tulahuen 2 homogenates, neither EDTA
nor tartrates were effective inhibitors of phosphatase activity.
However, NaF promoted an inhibition of 80%. Monobasic
potassium phosphate led to an inhibition of 33% in phosphatase
activity, and pHMB and Zn2+ promoted an inhibition of 65% and
42%, respectively. Vanadate and pervanadate had a similar effect.
Comparing this profile with the Y strain, we observed that EDTA
had a strong inhibitory effect, with tartrate and phosphate
promoting slight inhibition (20%). pHMB, Zn2+, and vanadate
inhibited phosphatase activity by 57, 36, and 84%, respectively. In
order to achieve the same degree of inhibition observed in the
Tulahuen 2 cells, it was necessary to increase the concentration of
pervanadate 10-fold when the phosphatase activities were assayed
using Y cell homogenates. When Mg2+ was added to the reaction
medium, a higher inhibition was observed with NaF, Zn2+, and
pervanadate for both strains. Tartrate, phosphate, and pHMB
had the same effect as observed without the addition of Mg2+ for
the Tulahuen 2 cells, while vanadate evoked a higher inhibition.
An intriguing result was obtained in Y cells in the presence of
pHMB, where the addition of Mg2+ to the reaction medium
reversed the inhibition obtained in the absence of this cation
(Table II).
For further understanding of the phosphatase activities in T.
cruzi homogenates, we decided to test specific substrates such as
FMN, G6P, Ser-P, Thr-P, and Tyr-P. Activity was assayed at
pH 4.0 and 7.0 with, and without, the addition of Mg2+ (Fig. 6).
At pH 4.0, the Y strain exhibited similar dephosphorylation levels
for FMN, G6P, Thr-P, and Tyr-P, while with Tulahuen 2,
similarities were observed for all substrates except FMN. At
pH 7.0, activity was lower than that detected at pH 4.0 for both
strains. Significant differences were observed when activity was
assayed in the presence or absence of Mg2+ at pH 7.0, with all
substrates except for Tyr-P, for both strains as well as Thr-P for
Tulahuen 2 strain.
FIGURE 4. Dependence of p-NPP concentration on the phosphatase
activity in T. cruzi Tulahuen 2 (N) and Y (m) strains homogenates.
Experimental conditions were as described in Figure 2, for 15 min, except
that the p-NPP concentration range was 0.005–10 mM. Curves represent
the fit of experimental data by non-linear regression using the Michaelis-
Menten equation. A representative of 4 independent experiments is shown.
FIGURE 5. Influence of calcium on the phosphatase activities of T. cruzi. The reactions were performed for 15 min in different pHs in the presence
(shredded bars) or absence of calcium (1 mM) (black bars). Cells (early stationary phase) Tulahuen 2 (A) and Y (B); P , 0.05.
TABLE I. Effects of modulators on T. cruzi phosphatase activities assayed
at pH 4.0. Homogenates (early stationary phase) were incubated in acetate
buffer, pH 4.0, for 15 min in the presence of different modulators. Control
experiments (100% phosphatase activity): 1.75 ± 0.36 and 0.05 ± 0.008
mmol per min21 per mg21, for Tulahuen 2 and Y strains, respectively.
Modulators
Inhibition of phosphatase activity
Tulahuen 2 strain Y strain
EDTA (1 mM) 11* 10*
NaF (10 mM) 92 88
Tartrate (10 mM) 77 68
Phosphate (5 mM) 25 –*
pHMB (1 mM) 26 –*
ZnSO4 (1 mM) 16* –*
o-vanadate (1 mM) 93 62
Pervanadate (0.1 mM) 88 70
Pervanadate (1 mM) 84 66
* Statistical analysis: P . 0.05 were considered non-significant; (–) 5 no inhibition.
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DISCUSSION
Previous work in our lab has shown important differences
between 2 T. cruzi strains, Y and Tulahuen 2, i.e., differences
regarding their resistance to the oxidative stress generated by
H2O2, growth rates, and concentration of cytosolic tryparedoxin
peroxidase (Mielniczki-Pereira et al., 2007). As the characteriza-
tion of protein kinases is expanding, a better knowledge of the
phosphatase complement of these parasites is essential to
understand the complexity and regulation of many processes
controlled by phosphorylation (Brenchley et al., 2007). More than
55% of total acid phosphatase activity in T. cruzi is associated
with the plasma membrane (Nagakura et al., 1985), but is also
present in the lysosomes, cytosol, and mitochondria (Letelier et
al., 1986). A membrane-bound microsomal acid phosphatase
(optimum pH at 4.0), a soluble cytosolic acid phosphatase with an
optimum pH of 5.5, and a soluble cytosolic alkaline phosphatase
with an optimum pH of 8.0 have been reported in the
epimastigote form of T. cruzi (Letelier et al., 1985). Activities of
protein tyrosine phosphatases (PTPases) were mainly detected in
the cytosol of T. cruzi and are life cycle-stage regulated, raising
the possibility that PTPases may help control the parasite’s
virulence, or growth and differentiation (Bakalara, Seyfang,
Baltz, and Davis, 1995). Interestingly, only 2% of the protein
phosphatases identified in T. cruzi were PTPases, a striking
difference from humans, where PTPs comprise 31% of their
phosphatase complement (Brenchley et al., 2007). This low
content appears to be compensated by serine/threonine phospha-
tases (56%) and dual specificity phosphatases (21%) (Brenchley et
al., 2007).
Our results show that the activities along the growth curve, in
general, increase concomitantly with progression of the growth
curve up to the early stationary phase, from which the activities
dropped below, or achieved, levels observed in the log phase. In
the late stationary phase of growth, a decrease in activity was
obtained at all pHs tested when compared to the early stationary
phase. This observation is in agreement with that previously
described (Letelier et al., 1986), where a 60% decrease in acid and
alkaline phosphatase activities was reported when the cultures
entered the stationary phase of growth. On the 5th day of growth
for both strains, the phosphatase activity was higher than in the
other phases, indicating a pivotal role for these enzymes at this
time.
The present results indicate that Tulahuen 2 cells have a higher
capacity to hydrolyze the substrate (p-NPP), as well as a greater
affinity and specificity. Similar conclusions were reached when
ectophosphatase activities were characterized in strains belonging
to different T. cruzi lineages, i.e., the Colombiana strain has a 15-
fold higher activity than the Y strain, in addition to a different
pattern of inhibition and Mg2+-dependent activity (Dutra et al.,
2006).
Assay of enzyme activity in the presence of Ca2+ resulted in a
significant inhibition of alkaline phosphatases, indicating that
Ca2+-dependent phosphatases appear to be absent in these
TABLE II. Effects of modulators on T. cruzi phosphatase activities assayed
at pH 7.0, with or without the addition of Mg2+. Homogenates (early
stationary phase) were incubated in acetate buffer, pH 7.0, with (+Mg2+)
or without (2Mg2+) the addition of Mg2+ (10 mM), for 15 min in the
presence of different modulators. Control experiments (100% phosphatase
activity): 0.52 ± 0.09 and 1.60 ± 0.39 mmol per min21 per mg21 for
Tulahuen 2 in the absence or presence of added Mg2+, respectively; 0.044
± 0.008 and 0.14 ± 0.04 mmol per min21 per mg21 for Y in the absence or
presence of added Mg2+, respectively.
Modulators
Inhibition of phosphatase activity (%)
Tulahuen 2 strain Y strain
2Mg2+ +Mg2+ 2Mg2+ +Mg2+
EDTA 4* ND 43 ND
NaF (10 mM) 80 96 75 86
Tartrate (10 mM) 12* 18 20* 7*
Phosphate (5 mM) 33 34 20* 21*
pHMB (1 mM) 65 67 57 7*
ZnSO4 (1 mM) 42 83 36 71
o-vanadate (1 mM) 75 90 84 86
Pervanadate (0.1 mM) 79 83 59 79
Pervanadate (1 mM) 69 89 75 93
* Statistical analysis: P . 0.05 were considered non-significant; (–) 5 no inhibition,
ND 5 not determined.
FIGURE 6. Effect of specific substrates on phosphatase activity. Cell extract (early stationary phase) of Tulahuen 2 (A) and Y (B) strains were
incubated for 30 min at 37 C, pH 4.0 and 7.0, without Mg2+, or pH 7.0 with the addition of 10 mM Mg2+ in the same reaction medium described in
Figure 2, except that the final concentration of each substrate was 5 mM. Bars: black (FMN); white (G6P), gray (Ser-P), dots (Thr-P), and black stripes
(Tyr-P). P . 0.05.
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parasites. Moreover, since alkaline phosphatases depend upon
Mg2+ as a co-factor, the presence of Ca2+ could promote a
competition among these cations, leading to the inhibition
observed. Recently, different protein phosphatases have been
described in T. cruzi. Two type 1, 1 type 2A, and 1 type 2B (a
calcineurin homologue) serine and threonine phosphatases are
among the phosphatases described in T. cruzi that may be
involved in signal transduction (González et al., 2003; Brenchley
et al., 2007; Moreno et al., 2007). A calcineurin homologue has
been identified in T. cruzi, but it appears to have lost the
regulatory capacity by Ca2+. Among the Ser/Thr phosphatases,
this is the only one known to be under control of Ca2+/calmodulin
(Moreno et al., 2007).
We have previously demonstrated that Tulahuen 2 cells reach
the stationary phase at the same point as the Y strain, but with a
higher cell density (Mielniczki-Pereira et al., 2007). The results
depicted in Figures 3A and 3C showed a higher phosphatase
activity during the early log phase in these cells when compared to
the Y strain, which could be the result of an increased PTP
activity in these cells. In view of these findings, and the ones
described in the literature highlighting the importance of PTPs,
we decided to test the effect of distinct modulators upon the PTP
activities. Our results demonstrated that at pH 4.0, the modula-
tors exhibited a lower inhibition of Y cell enzyme activity when
compared to the Tulahuen 2 strain; this could be related to the
differences in the antioxidant defense system observed in these
cells (Mielniczki-Pereira et al., 2007; Matés et al., 2008). The
redox status of the cysteine residue is regulated by reversible
reduction–oxidation involving cellular oxidants (Ferraro et al.,
2004; Ferreira et al., 2006), which is probably an in vivo
mechanism for down-regulating PTP activity (Huyer et al.,
1997). In trypanosomatids, the PTPase activity may play a role
in the growth and differentiation of the bloodstream forms of T.
brucei (Bakalara, Seyfang, Davis, and Baltz, 1995).
PP2C is a member of the Mg2+-dependent protein phosphatases
(González et al., 2003). Our experiments using specific substrates
showed that a PP2C is probably present in the Y strain because
phosphatase activities were higher in the presence of Mg2+. We
also demonstrated that this activity was higher with Ser-P than
with Thr-P in both strains. The higher proliferation rates for the
Tulahuen 2 strain demonstrated by Mielniczki-Pereira et al.
(2007) could be related to the higher PTP and PPs detected, as
noted earlier.
In addition to the differences observed among the strains
studied, phosphatase activities also contribute to the heterogene-
ity within T. cruzi populations. Further investigation into the
physiological role of these phosphatases could lead to a better
understanding of the biology of T. cruzi, which also could lead to
the development of a more-specific therapy for Chagas’ disease.
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